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Abstract. We useaircraftobservationsof continentaloutflow over thewesternPacific

from theTRACE-Pmission(March-April, 2001),in combinationwith anoptimalestimation

inversemodel,to improveemissionestimatesof carbonmonoxide(CO) from Asia. A priori

emissionsandtheir errorsarefrom a customisedbottom-upAsianemissioninventoryfor the

TRACE-Pperiod.Theglobal3-D GEOS-CHEMchemicaltransportmodel(CTM) is usedas

theforwardmodel.TheCTM transporterror(20� 30%of theCOconcentration)is quantified

from statisticsof the differencebetweenthe aircraft observationsof CO andthe forward

modelresultswith a priori emissions,after removing themeanbiaswhich is attributedto

errorsin thea priori emissions.Additional contributionsto theerrorbudgetin the inverse

analysisincludethe representationerror (typically 5% of the CO concentration)andthe

measurementaccuracy ( � 2% of theCO concentration).We find that the inversemodelcan

usefullyconstrainfive sources:Chinesefuel consumption,Chinesebiomassburning, total

emissionsfrom KoreaandJapan,total emissionsfrom SoutheastAsia, andtheensembleof

all othersources.The inversionindicatesa 54%increasein anthropogenicemissionsfrom

China(to 168Tg COyr � � ) relative to thea priori ; this valueis still muchlower thanhadbeen

derivedin previousinversionsusingtheCMDL network of surfaceobservations.A posteriori

emissionsof biomassburning in SoutheastAsia andChinaaremuchlower thana priori

estimates.
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1. Intr oduction

Understandingandpredictingtheatmosphericdistributionof achemicalspeciesrequires

informationon theemissionsof thatspeciesandof its precursors.Thebottom-upapproachto

compilingemissioninventoriesgenerallyrelieson emissionfactorsfor individualprocesses,

extrapolatedin spaceandtime usingenergy andenvironmentaldata.Top-down constraints

from atmosphericconcentrationmeasurements,interpretedwith a chemicaltracermodel

(CTM), canbe usedto improve the bottom-upestimatesthroughan optimal estimation

methodology(inversemodel).Almost all global inversemodelingstudiesof emissionssofar

have usedatmosphericconcentrationsmeasuredfrom theNOAA/CMDL network of surface

sites(e.g.,Hein et al. [1997], Kaminskiet al. [1999],Bergamaschi et al. [2000],Kasibhatla

et al. [2002], Pétron et al. [2002]). However, thesesitesaredesignedto monitor theremote

atmosphereandareoftennot well situatedto provide constraintson continentalemissionsof

tracegases.We presentherethefirst applicationof inversemodelingto observationsfrom an

aircraftmissiontargetedat samplingcontinentaloutflow. As wewill show, thehighdensityof

aircraftobservationsovera rangeof outflow pathwaysprovidesconsiderableinformationfor

inversemodeling,andalsoallows usto quantifyCTM transporterrorsfor usein theinverse

model. Our detailedspecificationof theseerrorsrepresentsa majoradvanceover previous

inversemodelstudies.

We applytheinversemodelapproachto aircraftobservationsof carbonmonoxide(CO)

taken during the NASA TransportAnd ChemicalEvolution over the Pacific (TRACE-P)

missionin March-April 2001[Jacobet al., 2003]. TheTRACE-Pmissionusedtwo aircraft
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(DC-8 andP-3B),basedin HongKongandTokyo, to sampleAsianchemicaloutflow along

thePacific rim (Figure1). Carbonmonoxideis a generalproductof incompletecombustion, Figure1

andhasanatmosphericlifetime of a few monthsagainstoxidationby OH, its main sink.

It providestheprincipalsink for OH, themain troposphericoxidant,andplaysthereforea

critical role in controllingtheoxidizing power of theatmosphere[Loganet al., 1981]. It is

alsoausefulatmospherictracerfor combustionsources.Previousinversemodelingstudiesof

CO emissions[Kasibhatlaet al., 2002;Pétron et al., 2002]have identifiedAsia asa region

with largediscrepanciesbetweenbottom-upinventoriesandatmosphericobservationsfrom

theNOAA/CMDL network.

Asiansourcesof CO duringTRACE-Pincludedanthropogenicemissionsfrom fossil

fuel andbiofuel consumption,aswell asseasonalbiomassburningin SoutheastAsia [Streets

et al., 2003;Healdet al., 2003]. The major meteorologicalprocessesdriving outflow of

anthropogenicAsian pollution during TRACE-Pincludedlifting in warm conveyor belts

(WCBs) aheadof southeastward-moving cold fronts,andtransportin the boundarylayer

behindthesefronts [Liu et al., 2003]. Outflow of biomassburningeffluentsfrom Southeast

Asia took placeboth by deepconvectionandWCBs, the latterprocessleadingto mixing

with theanthropogenicoutflow [Ma et al., 2002;Tanget al., 2002]. No evidentplumesfrom

Europe,NorthAmerica,or Africa weresampledin TRACE-P, althoughthesesourcescertainly

contributedto theCO background[Liu et al., 2003],aswell asoxidationof CH� andbiogenic

non-methanevolatileorganiccompounds(NMVOCs).

Our inversionanalysisusestheTRACE-Paircraftobservations,togetherwith a priori

informationon Asianemissionsfrom customisedbottom-upinventoriesproducedfor the
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TRACE-Pperiod[Streetset al., 2003;Healdet al., 2003],to obtainoptimiseda posteriori

estimatesof CO emissionsfrom differentsourceregionsin Asia. Themaximuma posteriori

inversemodelapproachhasbeenusedpreviously in threestudiesinvestigatingthseglobal

emissionsof CO [Bergamaschi et al., 2000;Kasibhatlaet al., 2002;Pétron et al., 2002].

Thesestudiesall usedthe global measurementsof CO from the NOAA/CMDL network

[Novelli et al., 1998]astop-down constraints;but they calculatedglobal emissionsfrom

differentyearsandlumpedsourcetypesdifferently. Bergamaschi et al. [2000] calculated

globalemissionsfrom separatesourcesaswell asfor total emissionsin eachhemisphere.

They foundthat their bottom-upemissioninventoriesweretoo low andattributedthecause

eitherto anthropogenicemissionsor to oxidationof biogenicterpenes.Kasibhatlaet al.

[2002] andPétron et al. [2002] useda geographicallydisaggregatedapproachto identify

emissionsfrom specificregionsandspecificsourcetypes.Both thesestudiesfoundthattheir

a priori emissionsfrom Asia weretoo low, andreconciledthis with therapidindustrialisation

of theregion in recentyears.Measurementsat NOAA/CMDL stationshave complex source

signatures,becauseof their remotelocations,limiting the level of usefuldisaggregationof

CO sourcesto the continentalscale. The TRACE-Paircraft dataallows a moredetailed

disaggregationandamorefocussedassessmentof COemissionsfrom Asia.

In thenext sectionwe briefly describetheGEOS-CHEMCTM usedhereto simulate

CO during TRACE-P, andpresenta comparisonbetweenthe modeledandmeasured

concentrationsof CO. Section3 describesthe inversemodelandexploresthe potential

of TRACE-Pmeasurementsto constrainemissionestimatesfrom particulargeographical

regions.Section4 presentstheinversemodelanalysisof theTRACE-Pdataandinvestigates
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thesensitivity of resultsto differentassumptions.Section5 placestheresultsin thecontext of

previouswork. Weconcludethepaperin section6.

2. GEOS-CHEM Model Simulation of CO During TRACE-P

2.1. Model Description

The GEOS-CHEMglobal 3-D modelof troposphericchemistry[Bey et al., 2001a]

is usedhereto relatesourcesof CO to atmosphericconcentrations,andconstitutesthe

forward modelin the inverseanalysis(section3). A recentapplicationof GEOS-CHEM

to theglobalsimulationof CO, includingevaluationwith theensembleof NOAA/CMDL

observations,is presentedby Duncanet al. [2002]. The modelversionusedhere(v4.33,

http://www-as.harvard.edu/chemistry/trop/geos/index.html) hasa horizontalresolutionof 2
�

latitude � 2.5
�

longitude,andhas48verticallevelsrangingfrom thesurfaceto themesosphere,

20 of which arebelow 12 km. Themodelis drivenby GEOS-3assimilatedmeteorological

datafrom theGoddardEarthObservingSystem(GEOS)of theNASA DataAssimilation

Office. The3-D meteorologicaldataareupdatedevery six hours;mixing depthsandsurface

fieldsareupdatedevery threehours.

GriddedCO emissioninventoriesfor fossil fuel, biofuel, andbiomassburning in East

Asia duringtheTRACE-Pperiod[Streetset al., 2003;Healdet al., 2003]areusedasa priori

by themodel. The Streetset al. [2003] inventorydescribesanthropogenicfossil fuel and

biofuel emissionsfor the year2000. Fossil fuel emissionsarefrom residentialcoal and

oil (both usedfor cookingandheating),transportation,andindustry. Biofuel emissions
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(heatingandcooking)arefrom wood,agriculturalresidues,anddung.We do not accountfor

seasonalvariability of any anthropogenicemissionsbecausetheTRACE-Psamplingperiodis

relatively short(March� April) andemissionsarethenneartheir annualmeanvalue.Streets

et al. [2003] provide detailederrorestimatesassociatedwith their nationalemissionsfrom

Asia, representingimportantinformationfor the inversemodelanalysis.Fossilandbiofuel

emissionsfor therestof theworld aretakenfrom Duncanet al. [2002] andYevich andLogan

[2002], respectively.

We usedaily biomassburningCO emissionsfor theTRACE-Pperiodfrom Healdet al.

[2003]. This inventoryusesfirecountdatafrom theAVHRR satelliteinstrument[Stroppiana

et al., 2000] to constraindaily variability. It appliesthis variability to thebiomassburning

emissioninventoryof COfrom Duncanet al. [2003],which includesinterannualandseasonal

variability derivedfrom TOMS,ATSR,andAVHRR satelliteobservations.Globalbiomass

burningemissionsduringTRACE-Pweremainly from SoutheastAsia andIndia, andwere

approximatelythesameastheclimatologicalaveragefor February� April [Healdetal., 2003].

Biomassburningemissionsin easternAsia duringTRACE-Prepresents� 75%of theannual

total for that region, andrepresentstypically � 50% of the global meanbiomassburning

emissionsduringFebruary� April.

In additionto directemissionsof CO thereis a largechemicalsourcefrom theoxidation

of CH� andNMVOCswhich is treatedherefollowing theapproachof Duncanet al. [2002].

AnthropogenicandbiomassburningNMVOCsarein generalco-emittedwith CO; following

Duncanet al. [2002] we modelthemhereasdirect sourcesof CO andcorrespondingly

increasetheprimary emissionsof CO by 20%(fossil fuel) and10%(biofuel andbiomass
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burning). Additional sourcesof CO in themodelincludeCH� (850Tg CO/yr),andbiogenic

NMVOCswith contributionsfrom isoprene(175 Tg CO/yr), methanol(85 Tg CO/yr),

monoterpenes(70Tg CO/yr),andacetone(25Tg CO/yr). Furtherdetailson thesesourcescan

befoundin Duncanet al. [2002]. Oxidationof CH� by OH largely determinedthechemical

sourceof CO;emissionsof shorter-livedbiogenicNMVOCsarelow duringMarch� April and

contributeonly a few percentto theTRACE-Pmeasurements.

The main sink for CO is oxidationby OH. We useprescribedmonthly meanOH

concentrationfields calculatedfrom a full-chemistrysimulationconductedwith GEOS-

CHEM v4.33. The correspondinglifetime of methylchloroform(CH� CCl� ), a proxy for

theglobalmeanOH concentration,is 6.3 years;this is consistentwith thebestestimateof

5.99
	�
� ���
� 
� � � yearsby Prinn et al. [2001] from CH� CCl� measurements.A detaileddiscussion

of thefactorsaffectingtheCH� CCl� lifetime in GEOS-CHEMis presentedby Martin et al.

[2002]. Althoughadjustmentof CO sourcesin theinversemodelanalysisshouldmodify OH,

theeffect is inconsequentialfor invertingAsiansourcesusingtheTRACE-Pobservations,

which areonly a few daysdownwind of thesources.Correctionto OH is effectively taken

into accountin theinversionthroughtheadjustmentof theCOsourcefrom “restof theworld”

(section4). Theassumptionof fixedOH linearisestheinverseproblem[Pétron et al., 2002].

In theforwardmodelwe ‘tag’ CO producedby differentsourcesfrom differentgeographic

regions(Figure2; Table1). TheJacobianmatrix � for the inversion(section3.1), relating Figure2

Table1individualannualmeansourcesof COto theresultingatmosphericconcentrations,canthenbe

readilycalculatedby dividing a particulartaggedmemberby its respectiveannualemission.

A numberof previousGEOS-CHEMmodelstudieshaveevaluatedthesimulationof CO
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with surfaceandaircraftobservationsin differentregionsof theworld [Bey et al., 2001ab;

Fiore et al., 2002;Li. et al., 2002;Martin et al., 2002;Duncanet al., 2002;Kasibhatla

et al., 2002]. Thesestudiesusedearlierversionsof GEOS-CHEM,with differentCO sources

andOH concentrations,sothatresultsarenot strictly comparable.Theglobalunderestimate

of CO reportedin theoriginal versionof GEOS-CHEM[Bey et al., 2001a]hassincebeen

correctedby betteraccountingof NMVOC precursorsandof variousfactorsactingto reduce

OH [Martin et al., 2002;Duncanet al., 2002]. Themostrecentglobalevaluation[Duncan

etal., 2002]indicatesnobiasin thesimulationof theCObackground,andthisappearsto hold

alsofor v4.33usedhere[Healdet al., 2003]. However, bothDuncanet al. [2002] andHeald

et al. [2003] usedananthropogenicChinesesourceof CO thatis 20%higherthantheStreets

et al. [2003] inventoryusedhere.

The timing of TRACE-P(February� April) waschosento coincidewith thestrongest

outflow from Asia to thePacific,drivenby frequentwavecyclonesandassociatedcold fronts

andwarm conveyor belts[Yienger et al., 2000;Bey et al., 2001b],andto encompassthe

biomassburningseasonin SoutheastAsia which peakstypically in March [Duncanet al.,

2003]. Anthropogenicemissionsarelargely aseasonal.TRACE-Pwasconductedearlyin the

growing seasonsothesourceof COfrom biogenicemissionsrepresentsonly a few percentof

thetotalmeasuredoutflow of COfrom Asia.

2.2. TRACE-P Measurementsof CO

Diodelaserspectroscopicmeasurementsof CO weretakenduringTRACE-Pusingthe

DifferentialAbsorptionCO Measurement(DACOM instrument)[Sachseet al., 1987]. CO
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wasmeasuredat a frequency of 1 Hz with anestimated1-secondprecisionof 1%. We use

herethe1-minuteaveragedata,andfurtheraverageit over theGEOS-CHEM2 � 2.5
�

grid

alongthe flight tracks;for the purposeof our analysesthesesubsequentvaluesarewhat

we useasobservations.Accuracy of the1-minuteaverageddatais � 2% andis dominated

by theaccuracy of theNOAA/CMDL calibrationstandards[Paul Novelli, NOAA/CMDL,

personalcommunication,2003]. Altitude rangesfor theDC-8 andP3-Baircraftflight tracks

are0 � 12km and0 � 10 km, respectively.

TheGEOS-CHEMglobal3-D simulationsof CO andtaggedCO tracerswereinitialised

in January2000andconductedfor 16 months(throughApril 2001).The14-monthsimulation

beforethestartof TRACE-Peffectively removesthe influencefrom initial conditions.We

samplethe modelfields alongTRACE-Pflight tracks,andcompareto the observations

averagedover the2 � 2.5
�

modelgrid. We remove theinfluenceof stratosphericair usingthe

criterionO��� 100ppb;we verifiedthat this doesnot remove any pollution plumes(O� was

occasionallyabove100ppbin Chineseurbanplumes,but not whenaveragedover the2 � 2.5
�

grid). Wealsoignoredataeastof 150
�
E, which aremainly from transitflights (Figure1). The

datausedfor theinversionincludeall flightsbetweenFebruary27� April 3, 2001.

2.3. Evaluation of modelwith a priori sources

Beforeproceedingwith theinversionwe first examinetheability of thea priori sources,

asdescribedin section2.1, to simulatetheTRACE-Pmeasurementsof CO (section2.2).

A generalstatisticalcomparisonof modelresultswith observationsis shown in Figure

3. The model is on average23 ppb too low; this discrepancy is driven by the high tail Figure3
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of thedistribution (CO� 200ppb), representingstrongboundarylayer outflow from Asia.

The frequency distribution of differencesat modelandobservationsshows anapproximate

Gaussiandistribution with a 13 ppbnegative biasin themedian.Major pollution plumesin

theobservations(CO� 500ppb)arenotwell capturedby themodel.

A moredetailedevaluationof themodelwith observationsis shown in Figure4 by the Figure4

modeledandobservedlatitudinalgradientsat differentaltitudesfrom 0 to 12 km. Themodel

hasa negativebiasin theboundarylayerwhich increaseswith latitude,reaching80 ppb(30%

of themeantotalCO)between30� 40
�
N. Weattributethisnegativebiasto anunderestimateof

Chineseanthropogenicemissions,asdiscussedbelow. Above theboundarylayerthenegative

modelbiasis less,andlargely disappearssouthof 30
�
N or above 6 km. Theconcentration

of CO in thefreetroposphereis relatively moresensitive to biomassburningandto sources

outsideof Asia [Liu et al., 2003].

3. InverseModel

3.1. Description

Measuredconcentrationsof CO (assembledin a measurementvector � ), arerelatedto

thesourcesof CO (assembledin astatevector � ) by thefollowing relation[Rodgers, 1976]:

������������� (1)

The statevector � asdefinedherecomprisesannualsourceestimatesfrom different

geopoliticalregionsandfrom differentCO sourcetypes;its compositionwill bediscussedin
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section3.3. AlthoughtheTRACE-Pobservationsdo not actuallyconstraintheannualmean

source,but ratherthesourceintegratedover sometime horizondeterminedby thetransport

andlifetime of CO, it is clearerto express� in termsof annualsourcesandassumethat the

modelseasonalvariationfor thesesourcesis correct.Themeasurementvector � comprises

theTRACE-PCO mixing ratio dataaveragedalongtheflight tracksover themodelgrid.

TheJacobianmatrix � , asdescribedin section2.1,describestheforwardmodelanddoes

not dependon the statevectorunderour linear assumption.The error vector � includes

contributionsfrom measurementaccuracy, sub-gridvariability of observations(representation

error),anderrorsin modelparameters(transport,chemistry, sub-regionalemissionpatterns).

Theensemblecharacteristicsof theseerrorsaredescribedby theobservationerrorcovariance

 "!
, representingasumof thecovariancematricesfrom individualsourcesof error.

An inversemodeldescribesthemathematicalmappingfrom themeasurementvector

spaceto the statevectorspace.Here, the inversemodeldescribesthe bestestimateof

sourcesof CO that is consistentwith both theaircraft observationsof CO concentrations

duringTRACE-Pandthea priori sourcesof CO, giventheir respective uncertainties.The

fundamentalideaof anoptimalestimationinversemethodis to minimiseacostfunction #%$&�('
(thatis, to solve )+*,#%$-�.'/�10 ). Weuseastandardleast-squaresformulationfor #%$&�(' :

#%$-�.'/�2$&� � ���.'�3  � �! $-� � �4�.'5��$-� � �567'�3  � �6 $&� � �568':9 (2)

where �56 is thea priori valueof thestatevector(comprisedof thea priori sources),
 6 is

theestimatederrorcovariancematrix for �56 , andall othervariablesareasdefinedpreviously.
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Solutionto )+*,#%$-�.'/�10 yields[Rodgers, 2000]

;� � �56/�1$<� 3  � �! �=�  � �6 ' � � � 3  � �! $&� � ���568' (3)

; � $<� 3  � �! �=�  � �6 ' � � 9 (4)

where
;� is theoptimiseda posterioristatevectorand

; 
is thea posteriorierrorcovariance

matrix, describingthe error on
;� . The valueof the costfunction beforeandafterall the

observationshave beeningestedprovidesa usefulindicationof thequality of theinversion.

In a successfulinversion, #>$&�.' shouldbeof thesameorderasthenumberof observations,

providedthat
 � �! and

 6 areproperlyspecified.

3.2. Err or Specification

TheAsianemissioninventoryof Streetsetal. [2003],usedhereto definethea priori state

vector �56 , includesuncertaintyestimatesfor individual countriesandprocessesderivedby

propagationof errorsin thebottom-upapproach.Theseuncertaintiesarelistedin Table1. We

aggregateemissionsfrom North AmericaandEurope(assignedanuncertaintyof 30%)and

othercountriesoutsideof Asia (assignedanuncertaintyof 50%)in to the“rest of theworld”

source(section3.3); TRACE-Pwasnot designedto provide informationon theseregionsso

detailedspecificationof errorsis not essential.We assignthesourcefrom biomassburning

anuncertaintyof 50%. Thechemicalsourcefrom oxidationof CH� andbiogenicNMVOCs

is definedlargely by CH� , andwe assignit anuncertaintyof 25%basedon constraintson
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globalOH from observationsof CH� CCl� [PratherandEnhalt, 2001]. Thesensitivity of the

a posteriorisolutionto theassumedemissionuncertaintieswill beassessedin section4.

The total observation error
 "!

includescontributionsfrom measurementaccuracy,

representationerror, anderrorsin theforwardmodel. Estimatingerrorsdueto themodelis

non-trivial. We do sohereby computingthestatisticsof therelative differencebetweenthe

aircraft observationsandtheco-locatedmodelmixing ratios,( ���>? � �@'AB� , asa function

of altitudeandfor two latituderanges(Figure5). We assumethat themeanmodelbias,as Figure5

diagnosedby themeanrelativedifference,is dueto errorsin thea priori sources,andthatthe

varianceaboutthismeanvaluerepresentserrorsdueto themodel.Thisassumptionis unlikely

to bestrictly truebecausethereis a contribution from emissionerrorsin thevarianceanda

contribution from modelphysicsin thebias,but asweshallshow below ourapproachappears

to be reasonable.An intercomparisonof CTM simulationsof CO during the TRACE-P

period[Kiley et al., 2002]showedno evidentbiasin GEOS-CHEMtransport.By subtracting

themeanbiasfor eachaltitudeandlatituderangein Figure5 we areleft with theresidual

relativeerror(RRE).Thenfor eachindividualobservation C,D at a particularlatitude(northor

southof 30
�
N) andaltitudewe calculateanabsolutemodelerrorasRRE�/C,D . We assumeno

errorcovariancebetweenobservations.CO observationsare1-minuteaveragemeasurements

that have beenaveragedspatiallyover our 2 � 2.5
�

modelgrid, andaveragedtemporally

over completeflights. Correlationof theerrorsbetweenobservationsover thesespatialand

temporalscalesaresmallanddo notaffect theresultsshown heresignificantly. Typical values

for theRREarebetween0.2 and0.3,ascanbeseenfrom Figure5. TheRREscalculated

from thesimulationwith a priori sourcesshow highervaluesin the free troposphere,but
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this differenceis substantiallyreducedin thesimulationwith a posteriorisources,discussed

below.

Valuesof themeanbiasasshown in Figure5 areconsistentwith thosereportedin Figure

3. TheTRACE-Pdomain(Figure1) canbesplit into two distinct regions,characterizedby

differencesin air massessampled[Blakeetal., 2002].Northof 30
�
N, air masseswereheavily

influencedby fossil fuel andbiofuel emissionsfrom China,KoreaandJapan;below 2 km

therewasessentiallyno influencefrom biomassburning[Liu et al., 2003].South30
�
N andin

particularthefreetroposphereair massesweremoreinfluencedby biomassburning. Mean

biasstatisticsfor bothnorthandsouthof 30
�
N show anunderestimateof emissionsin the

boundarylayer. In thefreetroposphere,thereis still a smallunderestimateabove30
�
N but an

overestimateat lower latitudes.Thesemeanbiasstatisticssuggestthata priori anthropogenic

emissionsaretoo low, while biomassburningemissionsaretoohigh.

Ourmethodof quantifyingmodeltransporterroris amajoradvanceoverpreviousinverse

modelstudieswhich have estimatedthe total observationerrorby calculatingthestandard

deviationof thediscrepancy betweenmodelandmeasuredmonthlymeanvaluesin thesurface

datausedfor the inversions(e.g.,Bousquetet al. [1999], Kasibhatlaet al. [2002]). Our

methodcanbeusediteratively to improve theestimatefor modelerrors.To illustratethis we

re-calculatedvaluesof RREusingthea posterioriCO sources(to bepresentedin section4).

We find thatthea posteriorisources,althoughthey reducegreatlythebiasbetweensimulated

andobservedconcentrations,yield valuesof RREthatarecomparablewith thosecalculated

usinga priori emissions.This supportsour assumptionthat themeanbiasis largely dueto

errorsin theemissionsandthevariability is dueto errorsin thetransport.
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Additional errorscontributing to
 "!

includemeasurementaccuracy ( � 2% of the

concentration)andrepresentationerror, describingthe mismatchbetweenthe modeland

observationsdueto sub-gridscalevariability. We quantify the representationerror by

examiningstatisticsof thesub-gridvariability in theobservationsover the2 � 2.5
�

GEOS-

CHEM modelgrid. We computethis error for eachsampledmodelgrid cell andfind that it

is typically 5-10%of theobservedconcentration.We thusfind in our erroranalysisthat the

modelerrorrepresentstypically 73%(mean=38ppb)of thetotal observationerrorbudgetand

is thereforethemostimportantto quantify; representationerroraccountsfor approximately

25%(mean=14ppb);andinstrumentaccuracy accountsfor theremaining2%(mean=2ppb).

3.3. Selectionof StateVector

Theability of theobservingsystemto determinedifferentelementsof thestatevector,

takinginto accounttheassignedmeasurementanda priori stateuncertainties,canbetestedby

inspectingthematrixof averagingkernelsEF�1G � ; . � �6 , whereG is theidentitymatrix,and
; 

is computedfrom equation4 [Kasibhatlaet al., 2002].Averagingkernelspeakedat their own

statevectorelementdenotea well constrainedsource.Startingfrom theensembleof source

regionsandprocessesin Table1, we usedaveragingkernels(not shown) to determinewhich

sourcesor aggregationof sourcescouldbeconstrainedindependentlywith theTRACE-Pdata.

We find thatfossil fuel andbiofuel emissionswithin a givencountryaretoo co-locatedto be

retrievedindependently[Kasibhatlaetal., 2002],andsuchis thecasealsofor biomassburning

exceptfor China. Indian airmassessampledduring TRACE-Paremostly from biomass

burning andcontribute typically lessthana few percentto the total CO measuredduring
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TRACE-P. Weaggregatetheseemissionswith restof theworld (RW). Wemustalsoaggregate

emissionsfrom JapanandKorea,asTRACE-Pdoesnot provide independentinformationon

thetwo (Japaneseoutflow sampledin TRACE-Phadgenerallypassedpreviously over Korea

[Palmeretal., 2003]).Thesourceof COfrom theoxidationof CH� andbiogenicNMVOCsis

aggregatedinto theRW source.

We thusdefinea five-componentstatevector(CHBFFF, KRJP, SEA, CHBB, RW) for

which theaveragingkernelsareshown in Figure6. Evenwith this aggregatedstatevector Figure6

thereis poordefinitionof thecombinedKoreaandJapansource,reflectingtherelatively small

uncertaintiesassignedby Streetset al. [2003] for a priori emissionsfrom thesecountries

(Table1); increasingtheuncertaintyon thesea priori emissionsimprovestheir resolution.We

alsofind that theChinesebiomassburningsourceis slightly correlatedwith thenon-Asian

sourceof CO (restof theworld); bothof thesesourcesaffect mostly thefreetropospherein

theTRACE-Pobservations.

4. Results

We applytheoptimal inversemodeldescribedin theprevioussectionto theTRACE-P

data. We usea H(I quality control testto remove outliers(4% of the data),leaving 1825

observations.Resultsshown in Table2 indicatea 54%increasein a posteriorianthropogenic Table2

emissionsfrom Chinarelativeto thea priori , a74%decreasein emissionsfrom SoutheastAsia

(mostly from biomassburning,seeTable1), andsmallerrelative changesin othersources.

Theincreasein Chineseanthropogenicemissionsis drivenby themodelunderestimatein the

boundarylayer(Figure4 andFigure5), while thedecreasein biomassburningderivesfrom
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themodeloverestimatein thefreetroposphere(Figure4 andFigure5). Thereis a7%increase

in thesourcefrom therestof theworld (135Tg CO yr � � ) which representseffectively an

adjustmentin thebackgroundCO.

We cantesttheutility of theinversemodelby usingthea posterioriemissionswith the

taggedtracersin theforwardmodelto simulatetheTRACE-Pobservations.Comparisonwith

observationsis improved(Figure3). Themedianvalueof thedifferencebetweenmodeland

observedCO decreasesfrom -13 ppbto -4 ppb,while themeanbiasis reducedby 30%. The

frequency distribution of thedifferencesis morepeakedaroundzero.Figure4 shows that in

generalthea posterioriemissionssimulatetheobservedlatitudinalvariability of CO better

thanthea priori emissions,significantlyreducingthe largediscrepanciesin theboundary

layerandelsewhere.Thevalueof thecostfunction(equation2) decreasesfrom 2120with

a priori sourcesto 1604with a posteriorisources.The lattervalueis slightly lessthanthe

numberof observations( J =1825),indicatinga successfulinversion.

The inversemodelapproachis sensitive to uncertaintiesassumedfor theobservations

(
 "!

) andthea priori emissions(
 6 ) (equation4). Model error largely defines

 5!
(section

3). We find thatdoublingandhalving
 6 or themodelerrordoesnot affect significantlythe

resultsof the inversion,suggestingthatour bestestimateof a posteriorisourcesis robust

(Figure7). Doubling
 6 hasthesameeffect on theinversionashalvingmodelerror, andvice Figure7

versa.Doubling theuncertaintyof a priori emissionsfrom KRJPimprovestheresolution

of that source(section3.3) which thenincreasesby +68%(ascomparedto +26%in the

standardinversion).Fixing theRW sourceto its a priori valueandinverting for theother

sources,equivalentto assumingperfectknowledgeof backgroundCO, altersmany of the
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a posteriorisources(notshown) but doesnotchangethegeneraltendency of ourbestestimate:

anthropogenicemissionsincrease(CHBFFF, KRJP)andbiomassburningemissionsdecrease

(CHBB, SEA).

5. Comparisonwith Previous Work

Kiley etal. [2002]presentedanintercomparisonof TRACE-PCOsimulationsfrom seven

differentCTMs usingtheStreetset al. [2003] emissioninventoryfor Asia. All modelsfound

anunderestimateof CO in theboundarylayer, consistentwith theresultspresentedhereand

which we attributeto a 54%underestimateof anthropogenicChineseemissions(a posteriori

emissionvalue= 168Tg CO/yr). Carmichaeletal. [2002]alsoinvestigatedthisunderestimate

of ChineseCO with a regionalCTM andattributedit to anunderestimatein emissionsfrom

thedomesticcombustionsector, in particularfrom residentialcoalburning. They tentatively

suggestthata factorof 3-5 increasein theStreetset al. [2003] inventoryfor thatsectorwould

be requiredto reconcilemodelresultswith theobservedconcentrations.Suchan increase

would correspondto Chineseanthropogenicemissionsof 169� 228Tg CO/yr, a valuenot

inconsistentwith thevaluepresentedhere.

Our a posteriori biomassburning emissionsfor SoutheastAsia and China are

considerablylower thanthea priori values.This resultis qualitatively consistentwith CO

columndatafrom theMOPITT satelliteinstrumentduring TRACE-P, which imply much

lower biomassburningemissionsin SoutheastAsia andNortheastIndia thanusedhereas

a priori [Healdet al., 2002]. Correlationsof CO with HCN in theTRACE-Pdata,with HCN

takenasa tracerof biomassburning,do not imply anoverestimateof biomassburningCO
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emissions[Li et al., 2002].However, anthropogenicChinesesourcesof HCN maycomplicate

this interpretation[Singhetal., 2002].

Specificinvestigationof biomassburninginfluencesin theTRACE-Pdatawasconducted

by Carmichaelet al. [2002] andTanget al. [2002] usingtheir regional CTM with Asian

biomassburningemissions(67 Tg CO/yr) thatarea factorof two smallerthanour a priori

values.Carmichaelet al. [2002] usedback-trajectoriesto constructthespatialdistributions

of emissionscorrespondingto theobservedversussimulatedTRACE-PCO concentrations.

They foundlargedifferencesbetweenthetwo overbiomassburningregionsof SoutheastAsia

andNortheastIndia, implying errorseitherin modelsourcesor modeltransport.

Kasibhatlaet al. [2002] andPétron et al. [2002] previously usedCO observationsfrom

theNOAA/CMDL network [Novelli et al., 1998] to determineregionalsourcesof CO. Both

found that their a priori Asian emissions,taken from the EDGAR inventoryversion2.0

[Olivier et al., 1996],weretoo low. Kasibhatlaet al. [2002] showedthata 50%increasein

Asianfuel consumption(to 350-380Tg CO/yr)anda100%increasein Asianbiomassburning

emissions(to 110-130Tg CO/yr)wererequiredto reconciletheNOAA/CMDL concentration

datafrom 1994;Pétron et al. [2002], usingaverageNOAA/CMDL datafor 1990-1996,

requireda factorof two increasein Asiananthropogenicemissions(to 548Tg CO/yr) and

a 25% increasein emissionsfrom biomassburning (to 90 Tg CO/yr). Our a posteriori

anthropogenicsourceof CO from Asia (186� 198Tg CO/yr, CHBFFF+KRJP, Table2) is less

thanthatderived in thesetwo studies,andour a posterioribiomassburningsourceof CO

(34� 56 Tg CO/yr) is muchlower. Valuesfor thesourceof CO from therestof theworld,

includingtheglobalsourcefrom chemicaloxidation,arereportedby Kasibhatlaet al. [2002]



21

(2240Tg CO yr � � ) andPétron et al. [2002] (2340Tg CO yr � � ) but they arenot strictly

comparablewith thevaluewe report(2117Tg CO yr � � ) becausetheTRACE-Pdataare

largely insensitiveto sourcesin regionsoutsideof Asia.

Someof our differenceswith Kasibhatlaet al. [2002] andPétron et al. [2002] canbe

attributedto the typeof observationsused.They usedNOAA/CMDL surfaceobservations

which arenot intendedto samplecontinentalair masses.By the time suchair masses

aresampledat theseremotesurfacesitestheir sourcesignaturesarehighly mixed and

consequentlyaredifficult to separate.Simulatingaccuratelytheseremotestationdatawill be

hamperedby anaccumulationof errorsin modeltransportwhich weakensthesensitivity to

continentalsources.This canbecompensatedto somedegreeby thelong-termnatureof the

NOAA/CMDL records.

6. Conclusions

Weusedaircraftobservationsof Asianoutflow from theTRACE-Pmission(March� April

2001)to improveestimatesof CO emissionsfrom Asia usinganoptimalestimationinverse

method.This is thefirst time thananinversemodelhasbeenappliedto infer emissionsfrom a

largegeopoliticalsourceregion usingaircraftobservations.We showedthatthehigh density

of coveragefrom anaircraftmissionallowsquantificationof modeltransporterror, anotorious

difficulty in inversemodeling.

We usedthe GEOS-CHEMglobal 3-D modelof troposphericchemistry, driven by

customiseda priori bottom-upemissioninventoriesfor Asia [Streetset al., 2003;Heald

et al., 2003] asa forward modelto simulatethe aircraft observations. The Streetset al.
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[2003] inventoryincludesa detailederrorbudgetwhich providesimportantinformationfor

the inversemodelcalculation.Errorsassociatedwith theobservationsin thecontext of the

inversemodelincludeerrorsin modeltransportandothermodelparameters,representation

error dueto the inability of the modelto simulateobserved sub-gridscalestructure,and

instrumentaccuracy. We describea new methodof quantifyingmodelerrorsby usingthe

meandifferencestatisticsbetweenthesimulatedandobservedCO concentrations,exploiting

thehigh densityof observationsavailablefrom theaircraftmission.Meanbiasbetweenthe

model(with a priori emissions)andtheobservationsis assumedto reflecterrorsin emissions,

while therelative varianceaboutthis meanbiasis assumedto reflecterrorsin transport.The

modeltransporterrorsderived in thatmannerarein therange20-30%.Therepresentation

error, estimatedfrom theobservedsub-gridvariability in theaircraftCO data,is typically

5-10%.Instrumentaccuracy ( � 2%) is negligibly smallrelative to theothersourcesof error.

Our inversemodelanalysisimpliesa 54%increasein Chineseanthropogenicemissions

of CO (to 168Tg CO yr � � ) relative to thea priori . A posteriorianthropogenicemissions

from otherAsiancountriesarenotsodifferentfrom their a priori values.Our bestestimateof

Asiananthropogenicemissionsis lower thanpreviousmodelstudiesthatusedsparsesurface

observationsof CO asconstraints[Kasibhatlaet al., 2002;Pétron et al., 2002]. We find that

a priori emissionsof COfrom biomassburningin SoutheastAsiaaretoohigh,consistentwith

MOPITT observationsduringTRACE-P[Healdet al., 2002].

Our futurework will exploit thecorrelationsof CO with otherspeciesto improve the

top-down constraintsfor theinversionof theTRACE-Pobservations.For example,including

CH� CN in the inversemodelanalysisshouldprovide valuableconstraintson emissionsof
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CO from biomassburning[Li. et al., 2002;Singhet al., 2002]. IncludingCOI shouldhelp

to disaggregateemissionsfrom KoreaandJapanwhoseCOI /CO emissionratiosarevery

different[Suntharalingamet al., 2003].
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FigureCaptions

Figure1. TRACE-Pflight tracksfor theDC-8andP3-Baircraft.Theinversemodelis applied

to the ensembleof datawestof 150
�
E which includes229 hoursof CO measurementsfrom

thetwo aircraft,distributedover28flights from Feburary27thto April 3rd,2001[Jacobetal.,

2003].

Figure2. Sourceregionsfor taggedCOsimulations.SeeTable1 for emissionestimates.

Figure3. Statisticalcomparisonof simulatedandobservedCOfrom TRACE-P, for themodel

with apriori sources(left panels)andaposteriorisources(rightpanels).Theobservationshave

beenaveragedoverthe2 � 2.5
�

modelgrid. Datainfluencedby thestratosphere(O�/� 100ppb)

or awayfrom thewesternPacific rim (longitudes� 150
�
E) areexcludedfrom thecomparison.

Top: frequency distributionsof simulated(solid)andobserved(dotted)CO.Bottom: frequency

distributionof thedifferencebetweensimulatedandobservedCO.

Figure4. Latitudinalgradientsof measuredandmodeledCOconcentrationsovertheTRACE-

P domainon a 2 � 2.5
�

grid. Observations(circles)areaveragedover thealtituderangeshown

in thefigure,andover 5
�

latitudebins. Vertical barsdenote1-N valuesaboutthemean.The

modelis sampledalongtheTRACE-Pflight tracksfor theflight days,andvaluesareaveraged

acrossthesamelatitudeandaltituderangesastheobservations. Model valuesareshown for

thesimulationswith a priori (triangles)anda posteriori(squares)sources.Datainfluencedby

the stratosphere(O�O� 100ppb) or away from the westernPacific rim (longitudes� 150
�
E)

have beenexcludedfrom thecomparison.Numbersinsetat the top of eachpanelrefer to the

numberof observationsusedto computethemeanstatistics.
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Figure 5. Relative GEOS-CHEMmodelerrorsin thesimulationof CO duringTRACE-P, as

a function of altitudefor the modelwith a priori sourcesof CO (top) andwith a posteriori

sources(bottom). Squaresdenotethemeanbiasandhorizontallinesdenote1-N valuesabout

themean.Numbersinsetof eachpanelrefer to thenumberof observationsusedto compute

statisticsat eachaltitude.

Figure 6. Individual rows of the averagingkernelmatrix E for the inversionof CO sources

with the TRACE-P observingsystem. Differentcolorsdistinguishrows of E , listed in the

legend,with the correspondingcolumnsindicatedon the x-axis. Lines connectthe symbols

for clarity anddo not have any physicalsignificance.The five-elementstatevector includes

sourcesfrom Chinesefuel consumption(CHBFFF), total emissionsfrom Koreaand Japan

(KRJP),total emissionsfrom SoutheastAsia (SEA), Chinesebiomassburning (CHBB), and

therestof theworld (RW) includingthechemicalsourceof COfrom theoxidationof CH� and

biogenicNMVOCs.

Figure7. Sensitivity of thecalculateda posteriorisourcesto theerrorestimatesin theinverse

model. Verticalbarsdenote1-N valuefrom P . “Best estimate”shows thea posteriorisource

from the standardinversion (Table 2). A posteriori sourcesderived from inversionswith

modifiederrorson the a priori source(S6 ) or on the modelerror arealsoshown. Elements

in theabscissaareasin Figure6.
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Tables

Table1. Annuala priori sourcesof CO(Tg COyr � � ) for theinversemodelanalysis.

Region Biofuels
�

FossilFuel
�

Biomassburning
�

Methaneand

(BF) (FF) (BB) biogenicNMVOCs

China(CH) 45Q 35 64Q 50 19Q 9

Korea(KR ) 4Q 2 5Q 2 0.3Q 0.1

Japan(JP) 2Q 0.4 7Q 1 0.8Q 0.4

India (IN ) 38Q 38 16Q 16 39Q 19

SoutheastAsia (SEA) 26Q 26 17Q 17 82Q 41

Restof World (RW) 70Q 35 273Q 96 340Q 170

TOTAL 185Q 68 382Q 110 481Q 176 1205QSRT0VU
�
Sourcesfrom BF, BB, andFF includethesecondarysourceof CO from theoxidationof NMVOCs

co-emittedwith CO.

Table2. A priori anda posterioriannualsourcemagnitudesof CO(Tg CO yr � � ).

StateVectorElement A priori A posteriori W %

CHBFFF 109Q 61 168Q 5 +54

KRJP 19Q 3 24Q 2 +26

SEA 125Q 51 33Q 7 -74

CHBB 19Q 9 12Q 4 -37

RW 1981Q 380 2117Q 31 +7

TOTAL 2253Q 388 2353Q 32 +4



32

Figures

115 120 125 130 135 140 145 150 155

115 120 125 130 135 140 145 150 155

5
10

15
20

25
30

35
40

45

5
10

15
20

25
30

35
40

45

DC-8
P3-B

Figure1. TRACE-Pflight tracksfor theDC-8andP3-Baircraft.Theinversemodelis applied

to the ensembleof datawestof 150
�
E which includes229 hoursof CO measurementsfrom

thetwo aircraft,distributedover28flights from Feburary27thto April 3rd,2001[Jacobetal.,

2003].
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Figure3. Statisticalcomparisonof simulatedandobservedCOfrom TRACE-P, for themodel

with apriori sources(left panels)andaposteriorisources(rightpanels).Theobservationshave

beenaveragedoverthe2 � 2.5
�

modelgrid. Datainfluencedby thestratosphere(O�/� 100ppb)
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Top: frequency distributionsof simulated(solid)andobserved(dotted)CO.Bottom: frequency

distributionof thedifferencebetweensimulatedandobservedCO.
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Figure4. Latitudinalgradientsof measuredandmodeledCOconcentrationsovertheTRACE-

P domainon a 2 � 2.5
�

grid. Observations(circles)areaveragedover thealtituderangeshown

in thefigure,andover 5
�

latitudebins. Vertical barsdenote1-N valuesaboutthemean.The

modelis sampledalongtheTRACE-Pflight tracksfor theflight days,andvaluesareaveraged

acrossthesamelatitudeandaltituderangesastheobservations. Model valuesareshown for

thesimulationswith a priori (triangles)anda posteriori(squares)sources.Datainfluencedby

the stratosphere(O�O� 100ppb) or away from the westernPacific rim (longitudes� 150
�
E)

have beenexcludedfrom thecomparison.Numbersinsetat the top of eachpanelrefer to the

numberof observationsusedto computethemeanstatistics.
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Figure 5. Relative GEOS-CHEMmodelerrorsin thesimulationof CO duringTRACE-P, as

a function of altitudefor the modelwith a priori sourcesof CO (top) andwith a posteriori

sources(bottom). Squaresdenotethemeanbiasandhorizontallinesdenote1-N valuesabout

themean.Numbersinsetof eachpanelrefer to thenumberof observationsusedto compute

statisticsat eachaltitude.
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Figure 6. Individual rows of the averagingkernelmatrix b for the inversionof CO sources

with the TRACE-P observingsystem. Differentcolorsdistinguishrows of b , listed in the

legend,with the correspondingcolumnsindicatedon the x-axis. Lines connectthe symbols

for clarity anddo not have any physicalsignificance.The five-elementstatevector includes

sourcesfrom Chinesefuel consumption(CHBFFF), total emissionsfrom Koreaand Japan

(KRJP),total emissionsfrom SoutheastAsia (SEA), Chinesebiomassburning (CHBB), and

therestof theworld (RW) includingthechemicalsourceof COfrom theoxidationof CHc and

biogenicNMVOCs.
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Figure7. Sensitivity of thecalculateda posteriorisourcesto theerrorestimatesin theinverse

model. Verticalbarsdenote1-i valuefrom jk . “Best estimate”shows thea posteriorisource

from the standardinversion (Table 2). A posteriori sourcesderived from inversionswith

modifiederrorson the a priori source(Sl ) or on the modelerror arealsoshown. Elements

in theabscissaareasin Figure6.


